Introduction
Over the past decade, ionic liquids (ILs) have received great deal of attention as possible "green" replacement for volatile organic solvent mainly due to their nonmeasurable vapor pressure and good dissolubility for other salts. [1] [2] [3] [4] [5] Reaction types successfully performed in ILs include Diels-Alder, [6] Friedel-Crafts, [7] olefin hydrogenation, [8] hydroformylation, [9] , [10] oligomerization, [11] and Heck and Suzuki coupling reactions. [12] , [13] In addition to solvent, ILs may have multiple functions in catalytic reactions. They may act as catalyst, co-catalyst, support, or ligands for the catalytic process. [14] In particular, some "unexpected" effects have been observed in affecting the catalytic reaction pathway. For example, the cations/anions in ILs may be involved in the formation of the active species changing the reaction mechanism. [15] - [20] Understanding the functions of ILs in the catalytic reaction is of critical importance for deliberately modifying existed reaction system and exploiting new types of synthetic route by using this "green" solvent.
Catalytic oxidation is a class of commercially important reaction. As an environmentally benign oxidant, hydrogen peroxide (H 2 O 2 ) has been used for several catalytic oxidation. So far, significant improvements on the catalytic performance, in terms of yield and selectivity, have been observed using ILs as the solvent for the H 2 O 2 oxidation reaction. [21] - [23] Actually, in many cases, ILs are active participant because the formation of radical species, stabilization of the charged reactive intermediate, and immobilization of the actual catalyst can be strongly affected by the presence of an ionic environment. In comparison with traditional organic solvent, the use of ILs in catalytic oxidation has been regarded as a new means for recycling the catalyst and enhancing the yield and selectivity of the product. Though a great number of catalytic oxidation have been performed in ILs, there are still rare examples which demonstrate how the ILs affect the reaction pathway and the reactivity.
This chapter aims at summarizing the examples that concern the H 2 O 2 oxidation reactions in ILs, in particular the benzene hydroxylation, alcohol oxidation, and olefin oxidation. The effects of ILs on the reaction pathway and the selectivity are discussed, drawing to the conclusion that ILs are offering unique properties as solvent by recycling the catalyst and enhancing the yield and selectivity of the product. What should be pointed out is that the examples are limited as far as possible to those that inform the readers' understanding of the role of ILs in the H 2 O 2 oxidation reaction. We apologize that some fine work is not covered, and we hope to stimulate more discussions in the future.
Benzene hydroxylation
Direct hydroxylation of benzene to phenol with H 2 O 2 has been extensively investigated owing to the reduced reaction steps and environmentally benign byproduct of water when comparing to the commercial cumene process for phenol production. One of the fundamental targets in this intriguing investigation is to enhance the utilization efficiency of H 2 O 2 and the selectivity of phenol. The low efficiency of H 2 O 2 always derives from the fast decomposition of H 2 O 2 , and the low product selectivity is mainly originated from the over-oxidation of phenol. Studies have shown that solvents used in the hydroxylation play an important role on enhancing both the H 2 O 2 efficiency and the product selectivity. For example, water was the solvent in the traditional Fenton's reagent (Fe II -H 2 O 2 ) catalyzed hydroxylation, [24] whereas, the decomposition of H 2 O 2 was very fast. [25] The selectivity to phenol was rather poor in the aqueous solution since phenol is more reactive toward oxidation than benzene itself. Acetonitrile and acetic acid were then used as the solvents for most of the catalyzed hydroxylation of benzene, [26] - [28] and a biphasic water-acetonitrile (1:1) system was developed to decrease the over-oxidation of phenol. [29] In Bianchi et al.'s work, [30] sulfolane was believed to form complexes with phenolic compounds inducing increased selectivity to phenol.
In addition to organic solvents, Peng et al. [31] introduced a biphasic aqueous-imidazoliumbased IL system for benzene hydroxylation in the presence of ferric tri(dodecanesulfonate) catalyst ( Figure 1 ). In this aqueous-[C n mim] [X] (n=4, 8, 10; X=PF 6 , BF 4 ) IL biphasic system, both the catalyst and benzene were dissolved in the IL, whereas, H 2 O 2 was mainly dissolved in aqueous phase. The produced phenol was extracted into water phase, minimizing the over-oxidation. A highest yield of 54% and selectivity of 100% to phenol was obtained in the aqueous-IL biphasic system. However, as H 2 O 2 was existed in the IL-free aqueous phase, the active oxidizing agent were deemed to be radical species. Therefore, this biphasic system was not operative for the hydroxylation of toluene: only 1% of toluene was converted to benzaldehyde although its selectivity reached 100%.
In our work, [25] , [32] In the benzene hydroxylation, both hydrophobic and hydrophilic ILs have shown the feasibility of acting as solvent for enhancing both the yield and selectivity of phenol when compared with that in aqueous solution (vide supra). The nature of the active oxidizing species is mostly depended on the dispersion of both H 2 O 2 and the catalyst in the ILs because the generation of active species is thus influenced by the ionic environment. Furthermore, the combination of ILs with a second solvent (co-solvent), either traditional organic solvent or water, may offer opportunity for breaking the thermodynamic equilibrium by mass-transfer of the product from phase to phase. Most importantly, the ILs-solvent biphasic system provides opportunity for the stabilization of charged reactive intermediate and the protection of unstable product from over-oxidation. Therefore, the ILs-co-solvent biphasic system can be tentatively developed as solvent for a wide range of H 2 O 2 oxidation reaction to meet specific requirements, for example, yield, selectivity, or solubility, etc.
Alcohol oxidation
The partial oxidation of alcohols to aldehydes, or secondary alcohols to corresponding ketones is a fundamental synthetic transformation in organic chemistry and is industrially important. [34] - [36] However, this transformation always suffers from drawbacks such as poor conversion and selectivity due to over-oxidation. Stable-free nitroxyl radicals such as TEMPO(2,2,6,6-tetramethylpiperidine-1-oxyl) has recently emerged as a catalyst or co-catalyst to promote the formation of the catalytically active species for selective oxidation of alcohols to aldehydes or ketones where volatile organic solvents such as CH 2 Cl 2 are frequently used. [37] - [44] However, the recycling of the quite expensive TEMPO is problematic due to the homogeneous character of the classic organic media. Replacement of organic solvents with ILs or immobilization of TEMPO on ILs provide alternative strategies for solving the above-mentioned problems. On the one hand, TEMPO can be anchored on ILs allowing the recycling of the catalyst; on the other hand, ILs provide advantages for increasing the selectivity of the product by promoting oxidation of alcohols to aldehydes but suppressing overoxidation of these aldehydes to acids. The strategy of anchoring TEMPO on ILs has also been applied in other catalytic oxidation reaction. In Fall et al.'s work, [39] TEMPO was supported on ILs through click chemistry reaction (Figure 5a) In addition to TEMPO, the combination of various kinds of catalysts (i.e., inorganic salts, transition metal complexes, and oxides) with ILs has shown prospect as effective catalytic system for the H 2 O 2 oxidation reaction. Chhikara et al. [48] synthesized imidazolium-based phosphotungstate catalyst ( Figure 6 , 1) by grafting phosphotungstate onto imidazolium-based IL, which showed good catalytic performance in the homogeneous oxidation of secondary alcohols in the 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim] [BF 4 ]) IL (Figure 6a ). All of the secondary alcohols were converted to corresponding ketones in good to excellent yields. Oxidation of primary alcohol, i.e. benzyl alcohol, produced benzaldehydein good yield (78%), or benzoic acid in high yield (96%) after increasing the H 2 O 2 amount (Figure 6b ). The IL and catalyst after the extraction of the products could be reused for further catalytic oxidation.
Bianchini et al. [49] Figure 6 . Oxidation of (a) secondary alcohols to ketones, and (b) benzyl alcohol to benzaldehyde and benzoic acid with imidazolium-based phosphotungstate (1) Chen et al. [50] applied several hydrophobic methylimidazolium-based ILs in the oxidation of cyclohexanol to cyclohexanone with H 2 O 2 using WO 3 as the catalyst (Figure 7) . The oxidation of cyclohexanol in the absence of ILs produced cyclohexanone with a moderate yield (42%) or adipic acid at high cyclohexanol conversion. [51] In the biphasic cyclohexanol-ILs system, however, the ILs were found to effectively intensify cyclohexanol oxidation and resulted in 100% conversion of cyclohexanol with 100% selectivity to cyclohexanone. The high production of cyclohexanone can be explained by the fact that the oxidation of cyclohexanol occurred in aqueous phase contained H 2 O 2 and WO 3 , whereas, the produced cyclohexanone was abstracted into the organic phase, minimizing the further oxidation of the product. Among the three kinds of methylimidazolium-based ILs In this part, the anchoring of the actual catalyst on ILs offers opportunity for immobilizing catalyst with the solvent, allowing the recycling of the catalyst, especially some expensive reagent. This "anchoring" can be either chemical coupling or physical confinement. Chemical coupling requires special tailoring or functionalization of the ILs. The functionalized ILs show prospect as both catalyst and solvent for the H 2 O 2 oxidation reaction. The physical confinement of ILs within some solid porous materials has dual effects on the catalytic oxidation: on the one hand, the ILs supply special microenvironment on affecting the reaction pathway; on the other hand, the micropores of the porous material allow the controlling of the selectivity of the product. In addition, we may expect structural modification of the functionalized ILs by deliberately varying the cations/anions to meet the distribution requirement of the substrate or product, which will be of great importance for increasing the yield and selectivity of the product. Beyond that, more synthetic method should be developed to support the actual catalyst in order to shed light on the effective utilization of the expensive reagent in future catalytic oxidation.
Olefin oxidation
Recently, significant improvements on the catalytic performance in some transition metalcatalyzed reactions have been observed using ILs as the solvent. [2] , [19] , [20] The roomtemperature ILs have emerged as environmentally benign reaction media as well as new vehicles for the immobilization of transition metal-based catalysts. Singh et al. [52] reported the H 2 O 2 epoxidation of substrates containing both electron rich and deficient olefins catalyzed with meso-tetraarylporphyrin iron ( on IL-Silica. [53] Some more examples are given by combining ILs with metal peroxides or polyoxometalates in the catalytic epoxidation of olefins with H 2 O 2 . In Yamaguchi et al.'s work, [54] peroxotungstate was immobilized on dihydroimidazolium-based IL-modified SiO 2 ( Figure 10 ). The as-prepared catalyst showed high activity and selectivity for epoxidation of a wide range of olefins. Radical mechanism was excluded for the IL-involved epoxidation in CH 3 CN solvent. Berardi et al. [55] 
Conclusion
Catalytic oxidations have been widely studied in ionic liquids, and much of this interest is centered on the possible use as "green" alternatives to traditionally used volatile organic solvents. This chapter summarizes limited examples that illustrate the applications of ILs in the catalytic oxidation using H 2 O 2 as the oxidant, in particular benzene hydroxylation, alcohol oxidation, and olefin oxidation. We focus our discussion on understanding how the unusual solvent environment provide solute species that affect the reactions occurred in them.
As innocent and non-vaporized solvents, ILs provide good solubility to salts and most of the hydrophobic substrate, endowing them good solvent for the transition metal complexes-, peroxides-, oxides-, polyoxometalates-, or organic molecules-catalyzed oxidation. The miscibility of ILs with water and organic molecules can be elaborately tuned by varying the cations/anions (i.e., length of alkyl chain, polarity, etc.). The interactions between ILs and the substrate, catalyst, oxidant, even reaction intermediate, make the ILs act as multi-functional solvent for the H 2 O 2 involved catalytic oxidation. The cations/anions in ILs may influence the reaction pathway by stabilization of the charged transition state, active species or ligands which are necessary for many oxidation reaction. The structure of ILs can also be specially tailored to support actual catalyst and/or co-catalyst for effective recycling. The functionalized ILs have prospect as both catalyst and solvent for the H 2 O 2 oxidation reaction. The grafting of ILs on some solid porous materials may improve the microenvironment of the reactive site, affecting the reaction pathway by increasing the selectivity of the product. Most importantly, the combination of ILs and a co-solvent (water or organic solvent) al-lows the mass transfer of unstable product from oxidative environment, protecting the product from over-oxidation by H 2 O 2 . As a conclusion, the integration of the multiple benefits from ILs will provide a greener scenario for recycling the catalyst and solvent, as well as improving the yield and selectivity of the product. We may expect novel synthetic strategy for functionalized ILs and their elaborate combination with prevailing catalytic materials for applications in a wide range of catalytic oxidation in future.
